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Abstract—This paper presents the technology and user inter-
face developed to create a doubly fed induction machine (DFIM)
remotely controlled hardware laboratory for DL education. The
new laboratory is designed to reinforce the theory learned in class
and to verify that modeling and simulations of the laboratory ma-
chine are accurate. The power conversion system is controlled by
two field-programmable gate array-based controllers which com-
municate with a web server PC through a USB interface so that
the laboratory can be executed on campus as well as remotely.
The remote students only need access to a PC with Internet con-
nection and a standard browser, without the need to install any
software or modify its security settings. The pedagogical value of
this laboratory is reinforced by positive student’s feedback.
Index Terms—Doubly fed induction machine (DFIM), distance
learning (DL) education, power conversion systems, web-based lab-
oratory, wind power generation systems.
I. INTRODUCTION
W IND power generation systems are widespread, and asthe power level of the wind turbines increases, so does
the need to control the power flow through power electronic sys-
tems. This technology creates the need to educate engineers to
design and operate complex power electronics-based systems.
As engineering education is now available not only on univer-
sity campuses but also at the student’s own location, thanks to
distance learning (DL) courses, educational material and the
hardware laboratory experiments need to be accessible through
the Internet [1]–[7]. Providing DL students with hardware lab-
oratory experience is challenging from both logistical and ped-
agogical points of view. Logistically, the hardware needs to be
entirely controllable by a computer. The computer must be a web
server providing Internet access to the hardware, and finally, the
student should not be required to have administrator rights to
his/her remote computer in order to access the DL laboratory.
From a pedagogical point of view, the remote user interface
must be easy to understand and operate. It should also provide
a meaningful learning experience to add to the theory and mod-
eling that are part of the regular class work. Although much
literature is available on doubly fed induction machine (DFIM)
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drives [8], [9], including hardware simulators for laboratory
experiments [10], [11], to the authors’ knowledge a remotely
controlled DFIM drive system for DL courses has not been pre-
sented to date. The novel contribution of this paper includes the
power electronics technology and user interface developed to
make a DFIM drive accessible to DL students.
This paper presents a new DL laboratory, which allows the
remote student to experimentally verify the operation of a DFIM
drive system emulating a wind power turbine, connected to the
grid or a bidirectional drive for ship propulsion applications.
The DL laboratory provides the students with hardware experi-
ence including the ability to change the commanded speed and
input torque to the machine, listening in real time to the sounds
associated with the different speeds of the DFIM and acquiring
the experimental waveforms from the oscilloscope. The DFIM
laboratory remote access is made possible by digital electronics
that control the hardware and communicate with the Internet via
a web server. Field-programmable gate arrays (FPGAs) serve
as the digital electronic platform to gather sensor data and con-
trol the power electronics hardware. The student design center
(SDC) introduced in [3] is used as the basis for the drive’s con-
trol system; however, the new DL laboratory setup presented
in this paper utilizes a USB interface for faster and more flexi-
ble data processing capabilities. Additionally, the web interface
software has been simplified with respect to the previous ver-
sion. The remote operator only needs a standard web browser to
access the DL laboratory. No administrator rights are required
to change security settings or to install any software.
This paper is organized as follows: Section II presents the em-
bedded electronics hardware and software setup for the DFIM
drive laboratory. In Section III, the web interface is described,
including the Java software and tools utilized to create an ef-
fective graphic user interface accessible through a standard web
browser. Section IV presents the details of the DFIM drive hard-
ware implementation and operation. In Section V, the machine
model and simulations are presented. Section VI presents the
contents of the DL laboratory website, including instructions
for the students to execute the laboratory assignments. The
results of a laboratory session are presented in Section VII,
including experimental measurements and comparison to the
simulations. The positive results of a student’s survey are pre-
sented in Section VIII and some conclusions are presented in
Section IX.
II. EMBEDDED ELECTRONICS PLATFORM TO CONTROL
THE DFIM DRIVE
Fig. 1 shows the block diagram of the embedded electron-
ics platform, which is referred to as SDC version 2 (SDC2)
0885-8993/$31.00 © 2013 IEEE
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Fig. 1. SDC2 block diagram.
hereafter. The SDC2 includes the power electronics and is used
to control the DFIM drive and its load. Additionally, the SDC2
connects the DFIM drive to the PC used as web server.
The SDC2 block diagram in Fig. 1 shows a Xilinx Virtex 4
development board [12] on the left. Xilinx provides the soft-
ware packages together with the development board to speed
up the FPGA programming work. The design is carried out us-
ing the MATLAB/Simulink software [13] and it is compiled by
Xilinx’s software to program the FPGA. Therefore, knowledge
of VHDL, the hardware description language for very high speed
integrated circuits, is not required to design the power converter
control system. The large Virtex 4 FPGA chip allows flexibility
when experimenting with different power conversion systems
and control/modulation strategies. Optimization of the FPGA
algorithms, which would reduce the size and cost of the FPGA
chip, is not an objective for the purpose of the educational
laboratory.
The “interface printed circuit board (PCB) functionality” in
Fig. 1 is realized by two custom PCBs, one for the power conver-
sion components and the other for the signal processing com-
ponents. The photograph in Fig. 2 shows the SDC2 as it is
assembled in the laboratory. The PCB with a power converter
includes an insulated-gate bipolar transistor (IGBT) integrated
power module (IPM), current and voltage sensors, passive com-
ponents for the dc bus and the output filter, dc power supply. The
IGBT IPM includes six diodes and six IGBTs in the standard
three-phase three-legs configuration. The second PCB includes
a USB interface chip, USB connector to interface with the web
server, analog-to-digital converters, voltage level shifters, and
several other connectors to interface with the other boards. This
PCB is mounted on top of the FPGA board as shown in Fig. 2.
The power supply on this board provides power for the power
converter board as well. They both can be mounted on top of
the PCB with the power converter to create a compact stack,
although this is not shown in the photograph.
The DFIM drive described in this paper includes two SDC2
systems, one for the three-phase rectifier and one for the three-
phase inverter as described in Section IV. Additionally, a third
SDC2 is used to control the dc motor which is the load for the
DFIM.
Fig. 2. Photograph of the SDC2 in the laboratory.
III. WEB PUBLISHING
Our approach to deliver the DFIM laboratory to the remote
students via the World Wide Web was constrained by the fol-
lowing requirements for the Naval Postgraduate School (NPS)
DL program:
1) The DL laboratory must be accessible through a standard
web browser so that firewalls are not a problem. Many
students will work behind network firewalls that limit the
traffic into a network to reduce hacking attempts.
2) The DL laboratory must require no software installation
on the remote user’s PC. Many students may not have
system administrator privileges to download and install
client programs. For example, Java applets require the
student to have the Java Runtime Environment (JRE) or
Java Development Kit (JDK) installed. Another example is
the National Instruments LabVIEW client, which students
would also need to download and install, in addition to
using several different network ports [1], [6], [7].
Given the requirements described previously, we chose to use
a Java server application to publish the laboratory interface as a
standard web page. A very nice feature of the Java server is that
it renders Java code into standard HTML code and serves that
to the student’s web browser; thus, there is no need to have the
JRE or JDK installed on the student’s computer. Fig. 3 shows a
block diagram showing the technology and our web publishing
design. The hardware control panel displayed on the remote
user’s web browser is presented in Section VII (see Figs. 10
and 12). The control panel includes the ON/OFF button which
controls the DFIM and two sliders to set the reference speed and
the dc motor armature current, which changes the torque applied
to the DFIM, respectively. It also includes real-time readings of
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Fig. 3. Block diagram describing the web publishing method.
the power converter’s dc-bus voltage, machine speed and power
going into DFIM rotor, stator and dc machine.
Several features were desired to enhance the user experience.
These features do not need direct Java coding, such as to access
an application programming interface library of routines. A sim-
ple schematic of the power system electrical flow was desired
along with slider options that limit the values sent to the pow-
ered device to reduce potential problems that might destroy the
hardware. The first user to select the active power button takes
control of the experiment. Any other user cannot enter informa-
tion or start the power button; however, the user can still observe
the experiment. When the first user turns off the power button,
control can be taken by the observing user. Javascript routines
were used to accomplish these tasks. Javascript is available on
all standard web browsers.
Standard HTML features allowed us to display on the same
page several separate web pages that includes one live streaming
video page. The HTML iframe feature allows this. Separate
iframes on the same web page independently display embedded
web pages.
IV. DFIM DRIVE LABORATORY ARCHITECTURE
This section describes the hardware architecture that the stu-
dents access remotely to run the DFIM drive in real time. Fig. 4
shows a schematic of the laboratory setup including the embed-
ded electronics functionality, power converter topology, ma-
chine and measuring tools. The DFIM is rated 0.25 hp and its
rotor is controlled by a three-phase voltage-source converter
as shown in Fig. 4. The stator windings are connected to the
grid. This configuration is well known and it is sometimes re-
ferred to as Scherbius drive [9]. In this configuration, the power
converter is only connected to the rotor circuit; therefore, the
drive power electronics need to only manage 25% of the power
transferred from the machine to the grid, when operating as a
generator [8]. The “input torque” indicated in Fig. 4 is provided
Fig. 4. DFIM drive schematics as implemented in the laboratory.
Fig. 5. Rotor-side converter control system.
by a dc machine which is connected to the DFIM with a rubber
belt.
Two SDC2 systems, as described in Section II, are used to
implement the two bidirectional three-phase power converters
shown in Fig. 4. The full-bridge converter on the left of Fig. 4 is
indicated thereafter as a grid-side converter, while the other one
is defined as a rotor-side converter because it is connected to
the DFIM rotor. The control system of the rotor-side converter
is connected to the web server via USB interface for real-time
communication. Its four current sensors are used to acquire two
stator and two rotor currents as depicted in Fig. 4. An encoder
is also used to measure the speed of the DIFM. The grid-side
converter communicates with the control system of the rotor-
side converter.
Fig. 5 shows a block diagram of the rotor-side converter
control algorithm. A speed reference ω∗r is the controller input
which the user can manually schedule from the web interface
shown in Fig. 4. The speed proportional-integral (PI) controller
defines a reference current that is proportional to the torque. The
current PI controller defines the voltage-source inverter output
voltage. The voltage-source inverter is controlled using space
vector modulation as described in [14]. The grid-side converter
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Fig. 6. Grid-side converter control system.
Fig. 7. DFIM equivalent circuits in the qd reference frame, using induction
machine model 0.
provides a constant dc-bus voltage with bidirectional power flow
as described in [9]. The block diagram of the grid-side converter
is shown in Fig. 6. All control algorithms are programmed inside
the FPGAs in the two SDC2 systems.
V. MACHINE MODEL AND SIMULATIONS
The students are given a MATLAB/Simulink [13] model of
the DFIM as part of the class material. The DFIM is modeled
using the well-known induction machine equations in the qd
reference frame. Fig. 7 shows the DFIM equivalent circuits in
the q- and d-axes [15].
The differential equations describing the circuits in Fig. 7 are
shown in (1) through (4), where ω is the arbitrary reference frame
speed and ωr is the rotor electrical speed. The electromagnetic
torque Te equation is shown in (5) as a function of the currents,
where P is the number of poles
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The DFIM parameters used in the simulations are shown in
Table I, where J is the inertia of the rotor and Bm is the damping
coefficient. The parameters obtained to match the 0.25 hp, four
poles DFIM were used in the remotely controlled laboratory.
The power electronics are idealized in the simulation; there-
fore, their switching behavior is neglected. Simulation plots are
presented in Figs. 8 and 9 for generation and motoring mode of
operation, respectively. The pedagogical objective of the sim-
ulations is to illustrate that different machine operating modes
can be identified by the rotor current frequency and phase angle
with respect to the voltage [8], [16]. Fig. 8 shows the simulated
rotor current, phase voltage, and speed when the DFIM runs
as a generator. This is the case for wind power applications. A
change in speed is introduced halfway into the simulation so that
the speed changes from subsynchronous to supersynchronous
in the same plot. Since the DFIM used in the model and in the
laboratory is a four poles machine, synchronous speed is 1800
r/min. From the simulations, the students learn that when the
generator operates at supersynchronous speed the rotor current
and phase voltage are out of phase (power flows out of the rotor)
and they are in phase when the speed is subsynchronous. They
also learn that the opposite is true when the machine runs as a
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Fig. 9. Simulated rotor current and phase voltage (top) and speed (bottom) in
motoring mode.
TABLE II
DFIM FREQUENCY DATA FROM SIMULATIONS
motor, as shown in Fig. 9, where the current and phase voltage
in the rotor are in phase at supersynchronous speed and out
of phase at subsynchronous speed. These results are reinforced
by the experimental measurements that are made during a DL
laboratory session, as shown in Section VII.
The relationship between the rotor electrical frequency and
the rotor mechanical speed is shown in
frotor mech + frotor elec = 60 Hz. (6)
Using (6), the students can measure the mechanical frequency
and the electrical frequency from the simulation plots shown
in Figs. 8 and 9 and then verify the theory for all modes of
operations as shown in Table II.
VI. DL LABORATORY WEBSITE
A website is set up for the DFIM remote laboratory at the
address http://faculty.nps.edu/dl/ec_dfim_lab/index.html. It in-
cludes six web pages as follows.
1) introduction;





The first three pages include information covered in
Sections II and IV of this paper. The laboratory instructions
of page 4 are reported in the following two sections and refer
Fig. 10. Screen capture in generating mode, subsynchrounous speed, dc motor
armature current 1 A. Oscilloscope plots include stator line-to-line voltage
on Channel 1, top, lighter waveform [250 V/div] and current on Channel 2,
top, darker waveform [1 A/div] (top). Rotor line-to-line voltage on Channel 3,
bottom waveform with larger ripple [25 V/div] and current on Channel 4, bottom
waveform with smaller ripple [0.5 A/div].
to the user interface which is shown in Figs. 4, 10, and 13. At
the bottom of this page, a “begin lab” button is located. When
this button is pushed, a new window will open with the labora-
tory user interface. This page is password protected and an NPS
account is needed to access it.
A. Power Up Instructions as Posted on the
DL Laboratory Website
The DL students must make an appointment with the labora-
tory technician to obtain a 2-h time slot when they can execute
the laboratory. Only one user at a given time can operate the
hardware remotely. During the selected time slot, the technician
turns on the equipment and supervises the hardware for safety.
The experimental setup is not enclosed in a secure area, so
when the hardware is remotely controlled the laboratory techni-
cian must be present so that no resident student can accidentally
walk near the hardware. Additionally, the laboratory technician
will shut down the equipment if there is a malfunction. The
control box and the main power supply are powered up by the
laboratory technician. Once power is applied to the experiment
and the dc-bus voltage (Vdc in Fig. 4) is set to about 160 V, the
laboratory is ready to be operated remotely. The voltage applied
to the dc bus is displayed in the “dc-bus voltage” field of the
web interface (see Figs. 4, 10, and 12).
Push the button labeled “DFIM Power” to turn on the DFIM.
The button becomes red when it is pushed and remains red for
the entire time the DFIM is ON. Push the button again to turn
the DFIM OFF upon the completion of the laboratory exercise.
When the DFIM is ON, its speed can be changed using the
slider labeled “Change DFIM Speed.” After you move the slider,
the button “Update Hardware” will be highlighted blue. Push
this button to change the speed to the new one indicated by
the slider. The slider “dc motor armature current” operates the
same way. Changing the dc motor armature current results in
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a different load to the DFIM. The drawing above the controls
shows the hardware setup and the power readings for DFIM
stator and rotor (left-hand side) and dc machine (right-hand
side).
Note that the power readings oscillate, so minimum and max-
imum power readings should be recorded and their average
should be used to create the power curves required for the lab-
oratory report.
B. Oscilloscope Setup Information as Posted on the
DL Laboratory Website
The oscilloscope is a Tektronix MSO4034 which is web en-
abled with its own IP address. The link underneath the oscillo-
scope display provides access to the full-size oscilloscope page
where the oscilloscope can be fully controlled and its waveforms
can be acquired in different digital formats. The oscilloscope
channels are used as follows:
1) channel 1—stator line-to-line voltage vab ;
2) channel 2—stator phase a current ias ;
3) channel 3—inverter output line-to-line voltage vabr
(filtered);
4) channel 4—rotor phase a current iar .
The voltages on Channels 1 and 3 are measured with two
Tektronix high-voltage differential probes, model P5200. The
currents on Channels 2 and 4 are measured by Tektronix current
probes TCP305, 50ADC, each connected to a Tektronix current
probe amplifier, model TCPA300.
C. Measurements Instructions as Posted on the
DL Laboratory Website
The fifth web page includes step-by-step instructions on the
type of measurements the students are required to make to com-
plete their laboratory assignment.
1) Check that the dc-bus voltage has been set to 160 V and
turn on the DFIM.
2) Collect the data for different dc motor armature currents.
The student is given empty tables to fill out. Each table in-
cludes columns for: DFIM speed, dc motor power, DFIM
stator power, DFIM rotor power, stator and rotor currents
(Ias and Iar). Note that the settings 0, 1/4, and 2/4 result
in motoring mode, while settings of 3/4 or higher result in
generating mode.
a) Set the DFIM speed and for each speed value you
set:
i) record the power readings from the user inter-
face. Note that the power readings oscillate, so
take min and max readings and average them
for your report.
ii) record the rms stator and rotor currents us-
ing the oscilloscope measurements. Use these
measurements to estimate the I2R losses in the
machine.
iii) take a screen capture of your web browser win-
dow (as shown in Figs. 4, 10, and 12), including
power measurements and oscilloscope, to help
answer the questions in the report section.
Fig. 11. Simulated plots of stator line-to-line voltage [250 V/div] and current
[1 A/div] (top) and rotor line-to-line voltage [25 V/div] and current [0.5 A/div]
(bottom) to match the scope plots in Fig. 4. Generating mode, subsynchronous
speed.
3) For one speed setting of your choice, compute the rotor
power by measuring the rotor current, line–to-line voltage
and phase angle. Compare the computed power to the
reading in the user interface.
4) Repeat 3 for the stator power.
5) Stop the DFIM after completing the data recording.
VII. DL LABORATORY SESSION
In this section, the experimental results of a DL laboratory
session are reported. Each student sets up a 2 h timeframe with
the laboratory technician during which the DFIM system is
powered ON and ready for use. The student verifies that the
power is ON by checking that three lights above the main power
switch are ON through the web camera streaming video. The
student also checks that the dc-bus voltage reading is around
160 V, as described in the laboratory instructions reported in
Section VI. This DL laboratory is set up for a single user and
access to the controls window is password protected. While
a user is controlling the experiment, if a second user logs in,
he/she will be able to view the control window as the first user,
except the power button will not be available until the first user
has turned off the experiment.
The first goal of the hardware laboratory exercise is to validate
the DFIM physics-based model derived in class and used for
the simulations as shown in Section V. Figs. 11–14 compare
experimental measurements with simulations.
Fig. 10 is a copy of Fig. 4 and shows a screen capture while the
DFIM is running as a generator, with dc motor armature current
of 1 A (4/4 A in the display) and subsynchronous speed of 1350
r/min. Reading of the power going into the rotor, stator, and
dc machine are displayed in the user interface on the left-hand
side. On the right-hand side of Fig. 10, the oscilloscope web
page is displayed in a miniature version. On the top, the stator
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Fig. 12. Web interface screen capture while the DFIM is running in gener-
ating mode, supersynchronous speed. Oscilloscope plots include stator line-to-
line voltage on Channel 1, top, lighter waveform, [250 V/div] and current on
Channel 2, top darker waveform, [1 A/div]. Rotor line-to-line voltage on
Channel 3, bottom waveform with larger ripple, [10 V/div] and current on
Channel 4, bottom waveform with smaller ripple [0.5 A/div].
Fig. 13. Simulated plots of stator line-to-line voltage [250 V/div] and current
[1 A/div] (top) and rotor line-to-line voltage [10 V/div] and current [0.5 A/div]
(bottom) to match the scope plots in Fig. 13. Generating mode, supersyn-
chronous speed.
line-to-line voltage (Channel 1) and phase current (Channel 2)
are displayed. On the bottom, the filtered line-to-line voltage
at the output of the inverter (Channel 3) and the rotor phase
current (Channel 4) are plotted. Fig. 11 shows the simulation
results created with the same scaling factors as the experimental
waveforms in Fig. 10. We can observe a good match for current
and voltages amplitudes and phase angles; however, the sim-
ulation waveforms are ideally smooth and do not present the
ripple that can be observed experimentally. The lack of high
frequency noise in the simulations is due to the fact the power
converter switching is not included in the DFIM model. The low
frequency noise in the experimental rotor waveforms (bottom of
Fig. 14. Experimental data and simulated data (circles) plotted versus speed.
Motoring mode of operation.
Fig. 15. Experimental data and simulated data (circles) plotted versus speed.
Generating mode of operation with dc motor armature current 0.5 A.
oscilloscope) is due to distortion in grid voltage, which is also
not included in the simulations [17]. As described in Section
IV, the Simulink model used in class is limited to the electric
machine. Figs. 12 and 13 compare experimental measurements
and simulations for supersynchronous speed.
In addition to waveform acquisition with the oscilloscope, the
DL laboratory real-time experience includes audio and video
feedback; the remote students can hear the DFIM emitting dif-
ferent sounds at different speeds and loads and see the hardware
in the laboratory.
After the students follow all the steps reported in Section V-
C, they create the plots shown in Figs. 14–17. The solid lines
are plotted using the experimental data, while the circles are
simulation results. The “losses” lines in Fig. 14 through Fig. 17
represent the sum of the power into the three electrical input
ports of the systems, as shown in (7). Note that the field current
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Fig. 16. Experimental data and simulated data (circles) plotted versus speed.
Generating mode of operation with dc motor armature current 1 A.
Fig. 17. Experimental data and simulated data (circles) plotted versus speed.
Generating mode of operation with dc motor armature current 1.5 A.
losses in the dc machine are not included
losses = PDFIM rotor + PDFIM stator + PDCmotor armature .
(7)
The comparison of experimental and simulated data show
that the linear model of the DFIM presented in Section V is
reasonably accurate, but not perfect.
VIII. STUDENTS’ FEEDBACK
During the spring quarter of 2012, the DFIM laboratory was
assigned to the advanced electric machinery (EC4130) students
at NPS for the first time. The students were resident but they
used the remote interface to operate the laboratory. They were
asked to complete a brief survey after completing the labora-
tory assignment. Nine students completed the survey and the
responses are reported in Table III. The responses show that
TABLE III
STUDENT SURVEY RESULTS
the students generally liked the laboratory experience with In-
ternet access. Since this was the first time, the laboratory was
assigned several comments from the students helped improve
the laboratory instructions on the DL laboratory website.
The students that selected “strongly disagree” explained that
they did not like the remotely controlled laboratory as much as
they like traditional hands-on laboratories on campus. However,
they admitted that for DL students who cannot be on campus,
the remotely controlled laboratory is a good alternative to sim-
ulations.
The oscilloscope control page was generally considered hard
to use, so future work includes plotting the waveforms using the
data from the FPGA in a user-friendly manner.
IX. CONCLUSION
A new DL laboratory featuring a DFIM drive has been suc-
cessfully designed and demonstrated to supply remote students
with the hardware experience which is typically available only
to resident students. The laboratory is accessible via a standard
web browser and the DL students only need Internet access.
The students do not need administrator rights because the DL
laboratory operation does not require software installation or
security setting changes. This feature is important for students,
like NPS Department of Defense civilian DL students, who use
their employer’s computers for all class work. In most cases,
they do not have administrator rights.
The logistic and pedagogical challenges of delivering the
laboratory experience to DL students are addressed and their
solutions highlighted. Particularly, an innovative system, the
SDC2, was designed to include the power conversion elements,
sensors, and all necessary components to control the DFIM and
effectively communicate with a web server via a USB interface.
The DL laboratory offers a meaningful experience to remote stu-
dents because they can hear, see, and interact with the hardware.
They use an oscilloscope to measure currents and voltages and
acquire data to build confidence that the simulations are correct.
Students’ feedback was collected and it is positive. Future
work will include increasing the involvement of the student
in the drive’s control system design, which is presently not
possible.
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